The sheltering of chromosome ends from illegitimate DNA repair reactions and telomere length homeostasis are critical for preserving genomic integrity. Growing evidence implicates covalent protein modification by SUMO (small ubiquitin-like modifier) (sumoylation) in the regulation of numerous DNA transactions, including DNA repair and transcription, as well as heterochromatin formation and maintenance. We have recently shown that fission yeast Pli1p is a SUMO E3 ligase and that pli1 mutants, which are impaired for global sumoylation, are viable, but exhibit de-regulated homologous recombination and marked defects in chromosome segregation and centromeric silencing, as well as a consistent increase in telomere length. In this work, we explore the mechanisms underlying sumoylation-dependent telomere maintenance. We show that Pli1p, but not the related Nse2p, is the principal SUMO E3 ligase enzyme involved. Using both a pli1 mutation and a physiological ''knockdown'' of sumoylation, achieved by inducible expression of a dominant negative form of the conjugating enzyme Ubc9p, we further show that telomere lengthening induced by lack of sumoylation is not due to unscheduled telomeretelomere recombination. Instead, sumoylation increases telomerase activity, therefore suggesting that this modification controls the activity of a positive or negative regulator of telomerase.
T
he ends of linear chromosomes pose two special challenges for the cellular DNA replication and repair machinery. The first, also known as the end replication problem, is the progressive shortening of chromosome ends at each replication cycle because of the inability of lagging strand synthesis to fully replicate a linear template. The second, or end protection problem, is to shelter these chromosome ends from mechanisms that would ordinarily recognize these as double-strand breaks (DSBs) and initiate DNA repair processes with potentially disastrous consequences for genomic integrity (reviewed in ref. 1) . Both these challenges are met by telomeres, which consist of an array of tandem DNA repeats with a characteristic asymmetry: a G-rich 5Ј-3Ј strand that usually forms a 3Ј single-stranded overhang and is replicated by leading strand synthesis, and the complementary C-rich 3Ј-5Ј strand that is replicated by lagging strand synthesis. The overhang participates in chromosome end-protection both by recruiting capping proteins like Pot1 in fission yeast and higher eukaryotes (2) and by forming a specific DNA structure called the t-loop formed by the invasion of the 3Ј single-stranded overhang into the duplex repeat array (3) . Protected this way, telomeres prevent DNA repair activities such as homologous recombination (HR) and nonhomologous end joining (NHEJ) from acting at chromosome ends (reviewed in ref. 4) . To overcome the end replication problem telomeres possess telomerase, a ribonucleoprotein enzyme complex composed of a template RNA molecule, the reverse transcriptase catalytic subunit and a number of protein subunits (reviewed in ref. 5) . Telomerase extends the G-rich strand in the 5Ј-to -3Ј direction by using its RNA component as a template to add new copies of the telomeric repeats (reviewed in ref. 6) . These repeats are then directly bound by proteins such as TRF1/2 in mammals, or their homolog Taz1p in fission yeast, that are crucial for inhibition of recombination and for the maintenance of telomere length by both normal replication (7) and telomerase dependent synthesis (1) . Moreover, in telomerase-positive immortal cell lines and in unicellular organisms telomere length is maintained within a narrow range that is species or cell type specific. The complexity of the telomere maintenance system is further underscored by the fact that mutations of telomerase or of proteins involved in end protection, telomeric silencing, DNA replication and repair or in cell cycle checkpoint functions lead to a modification of this homeostasis, senescence or cell death (6) . Therefore, the study of the mechanisms governing telomere length regulation is critical to understanding the systems that protect genomic integrity.
A key observation came from phenotype analysis of fission yeast cells deleted for the pmt3 gene encoding SUMO (small ubiquitin-like modifier). Apart from very slow growth, aberrant chromosome segregation and enhanced sensitivity to DNAdamaging agents, pmt3⌬ cells also display telomeres two to three times longer than wild type cells (8) . SUMO is an evolutionarily conserved protein that resembles ubiquitin in its structure and its ability to be covalently attached to target proteins. Like ubiquitin, SUMO is conjugated via a conserved, ATP-dependent cascade of E1 activating (Aos1-Uba2), E2 conjugating (Ubc9) and E3 ligation steps to produce an isopeptide bond between the C-terminal glycine of SUMO and a specific lysine of the target protein (9) . Unlike, for example, the conjugation to Lysine-48-linked polyubiquitin chains that tags proteins for proteasomal degradation, a unifying rationale for modification by SUMO (sumoylation) does not seem to exist. Rather, sumoylation affects each of its targets in specific ways by altering their conformation, stability or interaction and localization properties. Thus sumoylation has been implicated in a wide range of biological processes including transcriptional regulation, DNA replication and repair, nucleo-cytoplasmic transport and signal transduction (9) (10) (11) (12) .
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WRN helicases have been shown either to be modified by SUMO or to interact with SUMO or the Ubc9 E2 conjugating enzyme (13) (14) (15) (16) . Whereas the downstream targets of the modified proteins are still unknown in these cases, recent mechanistic insight into the role of SUMO in HR came from the study of proliferating cell nuclear antigen (PCNA) in budding yeast. PCNA is a trimeric sliding clamp and processivity factor for DNA polymerases. During S phase, both in the presence and absence of DNA-damage, PCNA is modified by SUMO and sumoylated PCNA recruits the helicase Srs2 that, in turn, disrupts Rad51 nucleoprotein filaments and thus inhibits unwanted recombination (17, 18) . In this context, we have shown recently that sumoylation plays a critical role in the suppression of HR in specialized heterochromatin loci in fission yeast (19) . In this system, mutation of the SUMO E3 ligase Pli1p was shown to drastically enhance the loss of an inserted reporter gene (ura4) by gene conversion between homologous sequences at the central core (cnt) and inner repeats (imr) of the Schizosaccharomyces pombe centromere. Furthermore, mutation of pli1 also leads to a significant increase in telomere length similar to that seen upon mutation of SUMO itself. Given that, by their tandemly repeated structure and their free 3Ј overhangs, telomeres are potential but actively controlled HR substrates, it is conceivable that the increased telomere length in SUMO and pli1 mutants is due to a derepression of HR (8, 19) . Indeed, a recombination-based mechanism underlying this effect might provide an attractive explanation, because in mammalian systems, some cancers, such as certain soft tissue sarcomas, maintain telomeres (and hence immortality) by a telomeraseindependent pathway termed ALT (alternative lengthening of telomeres). This pathway requires the Mre11-Rad50-Nbs1 (MRN) complex involved in double-strand break repair (20, 21) . Moreover, in ALT cells telomeres, MRN and the HR proteins Rad51 and Rad52 colocalize in the so-called ALT PML nuclear bodies (APBs; refs. 22 and 23), the principal components of which, PML and SP100, represent two well characterized SUMO substrates. Thus, whereas as yet poorly explored, there might exist an intriguing link between telomere length regulation, homologous recombination and sumoylation.
An alternative hypothesis is that the SUMO-related phenotypes at centromeres (''illegitimate'' HR) and telomeres (aberrant elongation) arise by distinct mechanisms. In this work, we demonstrate that telomere elongation induced by lack (or reduction) of sumoylation requires telomerase activity and is not a consequence of unscheduled telomere-telomere recombination. Further, genetic analysis shows pli1 deletion to be dominant over most of the known mutations affecting telomere length control, with the exception of the telomere binding protein Taz1. These results suggest that SUMO acts in a novel pathway downstream of Taz1p to control telomere length, possibly by controlling the localization or activity of a regulator of telomerase.
Results and Discussion

Pli1p Is the Principal SUMO E3-Ligase Involved in Telomere Length
Control. Two proteins possessing a RING domain associated with SUMO E3 ligase activity, Pli1p (19) and Nse2p (24) , have so far been described in fission yeast. We have shown previously that pli1 mutants exhibit telomere elongation in inverse correlation with global sumoylation activity (ref. 19 and Fig. 1B ). The role of Nse2p in telomere length control, however, has not been examined. As shown in Fig. 1B , the nse2.SA mutation, corresponding to a C195S,H197A conversion in the RING domain that abolishes the SUMO E3 ligase activity of Nse2p (24), does not lead to telomere elongation. A pli1⌬/nse2.SA double mutation, however, recapitulates both the telomere elongation (Fig.  1B ) and the growth defects ( Fig. 1C ) associated with the SUMO encoding pmt3 gene deletion. These results suggest that Pli1p is the major SUMO E3 ligase implicated in telomere length control, and further, that Nse2p dependent sumoylation may account for the difference of telomere length between pli1⌬ and pmt3⌬ cells. It is noteworthy that a similar mechanism seems not to operate in budding yeast, because deletion of the Pli1-like E3 ligases Siz1 and -2 is not accompanied by telomere length increase (25) , whereas mutation of the Nse2 homolog MMS21 (mms21-11) has been shown to lead to a very slight increase in telomere length (26) .
Deletion of pli1 Is Dominant over Most of the Known Mutations
Affecting Telomere Length Control. To investigate how low levels of sumoylation lead to telomere length increase, we deleted pli1 ϩ in various mutant backgrounds affecting telomere metabolism.
Comparison of telomere length of the double mutants with the corresponding single mutants shows that pli1 deletion has a dominant effect over the mutants of the telomere end protection proteins pot1⌬N23 (27), pku70⌬ (2) and rad50⌬ (28) , the DNA replication proteins swi7 (an allele of pol1ϩ, encoding the pol ␣ catalytic subunit; refs. 29 and 30) and swi1 (a null allele of the Saccharomyces cerevisiae TOF1 homolog required for replication fork pausing, ref. 31), the checkpoint ATM and ATR homologs tel1⌬ and rad3⌬ (32) and the rif1⌬ mutant (33) (Fig. 2) . Indeed, the ratio between the median telomere length of double pli1⌬/x mutant over median telomere length of the corresponding single x mutant varies between 1.5 and 3. This indicates that Pli1p and these proteins act in separate pathways to control telomere length.
In fission yeast, telomeric repeats are bound by the TRF1/2 homolog Taz1 (34) . Recent work has suggested that this protein exerts both positive and negative roles in regulating telomere length, with the latter being mediated by two separate pathways: one involving Rap1 and the other involving Rif1 (33, 35) . Whereas pli1 ϩ deletion had no effect on the length of taz1⌬ (x1) and a slight effect on rap1⌬ telomeres (ϫ0.72), it leads to a synergistic increase (ϫ3) of telomere length in a rif1⌬ background. This suggests that Pli1p works in a pathway downstream of Taz1p but parallel to Rif1p. To further assess whether Pli1p acts in the same pathway as Rap1p, we analyzed these mutants for cold sensitivity. Previous work has shown that taz1⌬ cells are cold sensitive and that deletion of either rap1 or rif1 in a taz1⌬ background exacerbates or suppresses, respectively, the taz1⌬ cold sensitivity phenotype (35, 36) . As pli1⌬/taz1⌬ cells display similar cold sensitivity to taz1⌬ cells (data not shown), we propose that Pli1p acts on telomere length downstream of Taz1p but independently of Rap1p and Rif1p.
Telomere Elongation Induced by Lack of Sumoylation Requires Telomerase Activity, Not Telomere-Telomere Recombination. The aberrant lengthening of telomeres in pli1 mutant cells could be due to either telomerase or to telomore-telomere recombination (37) . If Pli1p inhibits telomore-telomere recombination, telomere lengthening should not occur in a pli1⌬/rad22⌬ (RAD52 homolog) double mutant, and a pli1⌬/trt1⌬ (telomerase catalytic subunit) strain might not senesce or would senesce more slowly because of activation of the recombinational pathway for telomere maintenance. To test this hypothesis, however, we could use neither the pli1 deletion, as pli1⌬/rad22⌬ and pli1⌬/rad51⌬ double mutants are co-lethal (19) , nor the pli1C321S hypomorphic mutant, because this mutation is leaky given the slow growth phenotype of pli1C321S/ rad22⌬ and pli1C321S/rad51⌬ mutants (data not shown). Moreover, when we analyzed tetra-type tetrads from a trt1 ϩ/Ϫ , pli1
ϩ/Ϫ diploid, we noticed that pli1⌬/trt1⌬ double mutants recurrently exhibited telomeres longer than the trt1⌬ single mutants from the same tetra-type tetrad [see supporting information (SI) Fig. 5 ]. However, this cannot be a strict demonstration for the noninvolvement of Trt1p in the telomere elongation phenotype as pli1 deletion might just increase the activity of telomerase inherited from the parental diploid in the trt1⌬ germinating spores. Further, given the larger size heterogeneity of trt1⌬ telomeres, we sought to conduct this experiment under conditions of a fixed, given telomere length at the start. To this end, we established an inducible physiological ''knockdown'' of sumoylation by the controlled expression of Ubc9-C93S. The C93S mutation abolishes the capacity of the protein to form a thioester conjugate with SUMO, rendering this protein able to act as a dominant negative inhibitor of endogenous Ubc9p. In this system, cells are transformed with pREP41 or pREP81 plasmids containing no insert, or Ubc9 or Ubc9-C93S cDNAs under the control of two different attenuated forms of the thiamine repressible nmt1 promoter. Transformed cells are cultured under repressive conditions in medium containing thiamine (20 mg/liter) and transferring cells into medium without thiamine induces expression from the nmt1 promoter. For each case, samples for protein and DNA analysis were taken at precise generation times after induction. As shown in Fig. 3A , only WT cells expressing the dominant negative form of Ubc9p exhibit an increase of telomere length after twelve generations postinduction. Moreover, telomere length is again dependent on the degree of inhibition of sumoylation, because expression of Ubc9C93S from the stronger ''41'' form of the nmt1 promoter produces longer telomeres than when the weaker ''81'' form is used. We chose to continue with the very attenuated form of pREP81, as under these conditions, cell growth is only modestly affected. By using the pREP81 system, a significant elongation of telomeres was observed in rad51⌬, rad22⌬ (Fig. 3B ) and rad50⌬ cells (data not shown), but not in fresh, nonsenescent trt1⌬ cells (Fig. 3C) . Thus, this system clearly establishes that telomere elongation induced by lack of sumoylation requires telomerase activity and is not a consequence of unscheduled telomere-telomere recombination. 
Telomere Elongation Induced by Lack of Sumoylation Correlates with
High Levels of G-Rich Single-Stranded Telomeric DNA. The inducible system also allows following the dynamics of telomere elongation in large volumes of cultures synchronous for loss of sumoylation. We took advantage of this to determine how fast telomere length increases after reduction of sumoylation. The Western Blot against SUMO (Pmt3p) in Fig. 4A shows that WT cells containing the pREP81-ubc9C93S plasmids start to reduce the overall levels of SUMO conjugates five generations after passage to medium without thiamine. This delay likely reflects the time needed for the cells to be depleted of thiamine and for the Ubc9C93S protein to be expressed and act as a dominant negative inhibitor. As shown by the regular telomeric Southern blots (Fig. 4B Left, ''Denatured''), telomeres elongate concomitantly with loss of sumoylation, indicating that telomere length is very sensitive to levels of sumoylation in the cell. Production of single stranded G-rich DNA is a hallmark of telomerase activity. Therefore, in parallel with the regular telomeric Southern blot, we prepared ''Native'' blots in which the acid/base denaturation step before transfer onto nitrocellulose membrane has been omitted to leave preexisting double-stranded DNA intact (2) . Surprisingly, we found low levels of both G-rich and C-rich single stranded DNA migrating at the level of 0.9 kb, corresponding to short telomeres of 100-150 bp (Fig. 4B Right, Native) in WT cells. However, the overall level of G-rich single-stranded DNA (Fig. 4B Right, Native) starts increasing at the 5th generation, reaches a peak at the 6th generation before decreasing to a steady state by the 12th generation only in the cells over-expressing Ubc9C93S, in parallel with the observed loss of sumoylation in these cells (Fig. 3C) . Notably, this increase in signal intensity of up to 10-fold is specific to the G-rich strand and does not occur for the C-rich strand of the telomere. Moreover, the increase in G-strand signal is accompanied by an increase in telomere length. Therefore, loss of sumoylation likely induces a rapid elongation of the G-overhangs by telomerase, although is possible that some of the hybridization signal on the native gels is internal. In addition to low apparent molecular weight molecules with a G-overhang, that are in keeping with the preferential elongation of short telomeres by telomerase (38) , other species of high apparent molecular weight were observed. These might originate from a subset of cells in which inhibition of sumoylation is very efficient, thus leading to very rapid elongation, or may result from long G-tails containing secondary structures, such as G quartets (39) formed in vivo or during the DNA manipulation steps. The presence of low levels of single stranded DNA (2-3%, Fig. 4C ) at the level of short telomeres in WT cells is also of particular interest. Indeed, a recent report also found C-overhangs in human replicating cells (40) and S. pombe might provide an amenable genetic system for exploring their formation. Collectively, our results implicate a sudden and rapid hyperactivation of telomerase in the telomere length increase, in only one or two cell divisions (i.e., between the 5th and 6th cell division in Fig. 4B ) that is associated with low levels of cellular sumoylation. This is not due to an increase in the cellular levels of Trt1p (data not shown). Rather, it may result from more efficient recruitment to the telomere, increased initiation rate or processivity of elongation of the telomerase. One possible model would be that components of the SUMO conjugation pathway (e.g., SUMO, Pli1p or Ubc9p) interact directly with telomere proteins. The recent demonstration of a weak physical interaction between SUMO and Taz1 (41), for example, might suggest that longer telomeres, which contain more binding sites for Taz1, exhibit enhanced recruitment of the sumoylation machinery that, in turn, negatively regulates telomerase activity. SUMO might thus modify one of the components of the telomerase holoenzyme and affect the stability of the complex on the DNA-RNA hybrid. An analogous mechanism has been proposed for the sumoylation-dependent release of thymine DNA glycosylase (TDG) from apurinic sites on the DNA (42, 43) . SUMO might also help to activate or localize proteins at the telomere that either compete with telomerase for G-overhang binding or actively remove telomerase from the telomere. An example for the latter has recently been described in S. cerevisiae, the helicase Pif1 (44) . A further possibility is that hyposumoylation exerts a more general effect by, for example, opening an otherwise repressive chromatin structure, thus leading to the inappropriate activation of telomerase. Support for such a mechanism comes from recent studies in mice demonstrating that loss of retinoblastoma family proteins (Rb1, Rbl1 and Rbl2), DNA methyl transferase (DNMT1 or DNMT3a, -b) or histone methyl transferase (Suv39h1, -2) function is associated with abnormal telomere elongation (45) (46) (47) .
Future work will be aimed identifying the specific SUMO substrates(s) as well as their downstream targets. One prediction from the present results is that such substrates should be responsive to Pli1 (i.e., PIAS-like) SUMO E3 ligase. Finally, it will be of great interest to know whether the findings obtained here in fission yeast are transposable to higher eukaryotic or mammalian model systems.
Materials and Methods
Fission Yeast Strains, Plasmids, Media, and Methods. The S. pombe strains used in this study are listed in SI Table 1 . Growth, maintenance and standard genetic methods for fission yeast strains were as described by (48) . The density of liquid cultures was determined by Coulter counting. Double pli1⌬/x mutants were constructed by mating and tetrad analysis. For each mutant, two tetra-type tetrads (containing all possible types of segregants) were streaked three times before the telomere length was assessed. To ensure for telomere length stability it was verified that the single mutants and WT segregants had reached their known steady state telomere length. The trt1 deletion was kept in a heterozygous diploid, transformed with the plasmids and let to sporulate. Fresh trt1⌬ haploids containing the plasmids were obtained by random spore analysis. Further details about strain and plasmid constructions are available upon request.
Preparation of S. pombe Whole-Cell Extracts and Western Blot Analysis. Samples of 10 8 cells were harvested and washed with 1 ml of cold water, and the pellet was frozen at -80°C until Western blot analysis, as described (19) .
Preparation of DNA and Southern Hybridization. Samples of 4 ϫ 10 8 cells were harvested, washed with 1 ml of cold water and the pellet was frozen at Ϫ80°C until gDNA was prepared by standard methods (49) . For Southern blots, 1 g of gDNA was digested 2 h with either EcoRI or ApaI. The digested DNA was separated by electrophoresis on a 1% agarose gel containing 0.0001% ethidium bromide. After electrophoresis, the gel was subjected to a 10 min. acid wash with 0.13 M HCl and two 10-min base washes with 0.5 M NaOH/1.5 M NaCl, except in the case of overhang analysis (Fig. 3B Right, Native) for which the gel was only subjected to a 10 min. wash with the 20ϫSSC transfer buffer (3 M NaCl, 0.3 M tri-sodium citrate, pH 7.0). DNA was transferred to a nitrocellulose membrane (Hybond-n ϩ filters, Amersham) by capillary transfer and cross linked with UV Stratalinker (Stratagene). The membrane was prehybridized 1 h in hybridization buffer (5ϫ SSC, 5ϫ Denhardt's, 0.5% SDS, denatured sonicated salmon sperm DNA at 0.05 mg/ml) and hybridized overnight with hybridization buffer and the probe at 45°C. The probe was a telomeric repeat oligonucleotide (10 pmol), 5Ј-end labeled with T4 PNK and 40 Ci (1 Ci ϭ 37 GBq) [␥-32 P]ATP, and purified with a super fine G25 Sepharose column. After hybridization, the membrane was washed first in 2ϫ SSC (low stringency) then in 0.2ϫ SSC (high stringency) and exposed on a phosphor screen. The signal was detected by PhosphorImager 445SI and quantified by using ImagequantNT. The sequences of the telomeric probes used are: C-rich, tgtaaccgtgtgtaaccacgtaaccttgtaaccc; G-rich, gggttacaaggttacgtggttacacacggttaca Telomere elongation occurs very rapidly after physiological knockdown of sumoylation and is associated with fast G-overhang production. WT cells were transformed with pREP81 plasmids containing no, ubc9-WT, or ubc9-C93S insert under the control of the nmt1 promoter, and cells were harvested 0, 4, 5, 6, 7, and 12 generations after nmt1 induction. (A) Whole-cell extracts were analyzed by Western blot by using an anti-pmt3 antibody. Asterisks indicate cross-reacting bands; the arrow indicates a possible Ubc9-SUMO conjugate. (B) Genomic DNA was digested with EcoRI and subjected to 1% agarose gel electrophoresis. The gels were cut in two and were either treated with HCl and NaOH to denature double-stranded DNA (Left, denatured) or with TBE (Right, native) before a SSC20X wash and transfer to the same nylon membrane. Samples were hybridized either to a C-rich probe (Upper) or to a G-rich probe (Lower). (C) Hybridization signals shown in B were quantified by using ImageQuantNT, and the relative intensities of native over denatured DNA for each sample and probe are plotted.
